This paper introduces the concept of measuring double directional channels in ultra wideband (UWB) systems. Antennaindependent channel data were derived by doing the measurements in a wooden Japanese house. The data were useful for investigating the impact of UWB antennas and analyzing waveform distortion. Up to 100 ray paths were extracted using the SAGE algorithm and they were regarded as being dominant. The paths were then identified in a real environment, in which clusterization analyses were done using the directional information on both sides of the radio link. Propagating power was found to be concentrated around the specular directions of reflection and diffraction. This led to the observation that the spatio-temporal characteristics of extracted paths greatly reflected the structure and size of the environment. The power in the clusters indicated that the estimated 100 paths contained 73% of the total received power, while the rest existed as diffuse scattering, i.e., the accumulation of weaker paths. The practical limits of path extraction with SAGE were also discussed. Finally, we derived the scattering loss and intra-cluster properties for each reflection order, which were crucial for channel reconstrucion based on the deterministic approach. key words: ultra wideband, UWB channel models, SAGE algorithm, spatio-temporal analysis 
Introduction
Ultra wideband (UWB) systems are considered promising candidates for achieving future high data rate communications. It is expected that they will be implemented mainly in indoor environments that often have dense multipath propagation. In UWB impulse radio systems, dense multipaths are effectively captured by rake receivers, but sometimes dense multipaths give rise to waveform distortions when pulses are not distinct. Interference mitigation in conventional radio services has also been a specific topic of investigation. In terms of UWB channel modelling, there are already several statistical models available, e.g. Saleh and Valenzuela's [1] , and Foerster's [2] . The directional aspect of the channels, however, was not considered in these models. For example, in UWB systems, antenna directivity varies from frequency to frequency, so that it might be possible for system performance to degrade if the antenna orientation is changed. Directional channel models can also be † † † The author is with Tokyo Denki University, Tokyo, 101-8049 Japan.
a) E-mail: haneda@ap.ide.titech.ac.jp DOI: 10.1093/ietfec/e88-a. 9 .2264 utilized to predict multiple-input, multiple-output (MIMO) channels. MIMO systems efficiently exploit spatial information to improve channel capacity, in which inter-element spacings and element positioning in the antenna arrays significantly affect the capacity of channels. Examples from UWB and MIMO systems identify the needs of antennaindependent channel models and demonstrate that double directional measurement is the only way to deconvolve the antenna effects from measured results [3] . Many papers have reported UWB channel measurement campaigns and analyses [4] - [8] . Of these, the Sensor-CLEAN algorithm [4] provided a deterministic approach to estimate channels in the spatio-temporal domain, in which the entire measured data were divided into ray paths. The algorithm requires an estimation of the received waveform or the waveform distortion to be treated as superposition of multipath components. In contrast, we proposed a scheme to estimate UWB channel in the spatio-temporal domain, which does not require waveform estimation. The scheme evaluates the channels in a deterministic way [10] , [11] . Double directional channel measurement, which allows for antenna deconvolution on both sides of the link, is possible with our measurement structure. This paper first briefly summarizes double directional UWB channel sounding schemes. We then present results obtained from spatio-temporal channel characterization in a wooden Japanese house, which is different from those found in Europe or America. We tried separating deterministic and diffuse components [12] in the characterization. Finally, the deterministic components were clusterized and their spatiotemporal properties were investigated. We discuss their interpretation with respect to physical phenomena. The scattering loss in each cluster was derived after the deconvolution of the antenna directivities. We also discuss the propagation characteristics of the wooden Japanese house.
Double Directional UWB Channel Sounding Scheme
The UWB channel sounder consists of a data measurement process and derivation of double directional channel parameters. Frequency transfer functions were extracted using a vector network analyzer (VNA) along with an X-Y scanner and an X stage with a single wideband antenna, which achieved a synthetic array on both sides of the link. The structure for the measurement system is outlined in Fig. 1 . Spatially sampled transfer functions were then applied to a maximum likelihood based estimator, i.e., a spacealternating generalized expectation-miximization (SAGE) [10] , [11] .
algorithm [9] . The algorithm was based on the deterministic approach of characterizing propagation channels and estimating the parameters and spectrum of each ray path. The algorithm is conventionally used to estimate wideband channels but we modified it for UWB signals, in which the frequency dependent complex amplitude was also an area of interest [10] . The spherical incident structure was used for the incident wave model, which derived a more stable result than analysis using plane wave incidence. A successive interference cancellation (SIC) procedure was adopted to extract waves where we removed the estimated waves after determining the wave parameters. This process was continued until the number of waves reached a predefined number or until the extracted spectrum was below the noise level. As double directional channel measurement yielded the direction-of-departure (DoD) on the transmitting side and direction-of-arrival (DoA) on the receiving side, we were able to remove the effects of antenna directivities [11] . In the following, we summarize implementation issues regarding our sounding scheme.
Compatibility of Spherical Incident Wave Models with Double Directional Measurements
As the spherical incident wave model assumes radiation from a point source, it is impossible to include it in DoA/DoD joint estimates. This is because the use of multiple antennas at both sides of the link contradicts the point source assumption. According to estimates, the spherical incident wave model treats an array antenna as a widely distributed source, which can result in significant errors in estimation. Therefore, we implemented a procedure to estimate double directional channels in two steps.
• Estimating DoA and time-of-arrival (ToA) with a single source on the transmitting side and receiving antenna array, • Estimating DoD and ToA with a single source on the receiving side and transmitting antenna array.
Here, double directional measurements consisted of two single directional measurements, as reported by Kalliola et al. [13] . In relating DoA and DoD results, we used ToA information since it had sufficiently high resolution. Consequently, path identification was carried out with the reference of predicted paths, which were derived by considering the floor plan. Path identification and the floor plan were used to validate the joint results.
Resolution Gap between Spatial and Temporal Domain
The SAGE algorithm estimates channel parameters sequentially and iteratively. However, the greater the whole search dimensions, the more likely it will be that parameter search orders will affect the derivation of stable results. This is especially so in the case of UWB, where the time resolution offered by the wide bandwidth is fine compared to the electrical length of the antenna aperture, i.e.
where B, A, and c are the bandwidth, antenna aperture size, and velocity of light. Here, the UWB signal even resolves each element of the antenna arrays that are to be used to estimate the angle. Therefore, when finding the initial values during the global search process, the ToA should be estimated after it is resolved in the angular domain.
UWB Double Directional Measurement in a Home Environment

Experimental Setup
We conducted UWB double directional measurement in a home environment in Japan, which was mainly made up of wood. The specifications of the experiment are listed in Table 1 and the floor plan of the environment is depicted in Fig. 2 . In the following, we will refer to the uniform linear arrays as transmitting sides and rectangular arrays as receiving sides. The element spacing of the antenna arrays was set to 48 mm, which was equivalent to 0.49λ at the lowest frequency. The spatial resolution of our system was previously assessed in an anechoic chamber and 10 degree angle resolution was confirmed with the considered antenna aperture size. For temporal resolution, two different waves 0.67 ns (20 cm) apart were correctly detected with the same bandwidth in this experiment, i.e., 7.5 GHz [11] . We chose 4 GHz as the bandwidth of the subband with the SAGE algorithm. We used UWB monopole antennas with fluctuations in group delay of less than 0.1 ns at the considered bandwidth [14] . The environment was LOS and there was no furniture in the room other than TV displays and small desks near the wall. We extracted 100 waves with the UWB sounder in both of the DoA/ToA and DoD/ToA estimates. One hundred waves were sufficient to extract the dominant propagation paths. The DoDs and DoAs we obtained were then coupled using ToAs, and ray path identification was done as well. The results are depicted in Figs. 3 and 4 where the strongest 30 and 10 waves are described. The identified paths consisted of reflections from side walls, doors behind the transmitting antennas, and a window behind the receiving antenna. Diffracted paths from displays and the metal frames of windows were also observed. Figure 5 maps the 100 extracted waves on a DoA azimuthdelay map. We can observe several groups of paths, called clusters. Clusters were extracted with a heuristic approach such that one or two strong paths were followed by many weaker ones. That is, a cluster boundary could be drawn even if paths had close DoA-ToA characteristics, as can be seen in the paths around azimuth angles of 225
Spatio-Temporal Characteristics of the Extracted Paths
• . We then considered the DoDs of paths within each cluster so that several sub-clusters were extracted. Specif- ically, we focused on the classification of paths into firstand higher-order reflected waves, to investigate the relations between reflection orders and the power the clusters carried. However, note that there were several ambiguities in estimating the DoA and DoD. Exploiting a linear array on the transmitting side caused cone ambiguity in the DoD, and horizontal planar scanning on the receiving side prevented us from resolving the DoAs of ceiling/floor reflections. Therefore, there was some uncertainty concerning path identification and the clusterization of some longer delayed paths. In general, it was more difficult to deal with the paths accurately when they seemed to have diffraction and penetration.
As a result, we obtained Figs. 6 and 7, which represent the spatio-temporal distributions of first-and higher-order reflected waves. The total paths in Fig. 5 were classified into 13 clusters on the DoA-ToA map. Cluster extraction on the DoD-ToA map was also examined [15] , but it failed to extract distinct clusters as it had on the DoA-ToA map. This was due to the low spatial resolution and cone ambguity offered by the Tx array.
From Figs. 5, 6, and 7, we can see that the spatial and temporal characteristics are highly correlated in this channel. Physically interpreted, the high correlation reflects the physical structures of the environment, i.e., specular direction, and the position and size of reflection objects. They also affect the spatio-temporal cluster properties. In Fig. 8 , we can see typical paths belonging to the clusters of firstorder reflection on the floor plan. Figure 9 describes those for waves reflected more than once. The shadowed regions in Figs. 8 and 9 depict the angular ranges of the received signals.
Clusters A1 to A4 are reflections from the window behind the receiver antenna. Cluster A1 consists of first- order reflection, while the other clusters have waves reflected more than once. Cluster A2 includes waves that experienced sliding door and window reflections. Cluster A3 contains window and ceiling/floor reflections, and cluster A4 is composed of display/window reflected waves. Even for the higher order reflections, the propagating paths are rather simple, i.e., dominated by specular waves.
Cluster B1 has the largest number of paths in the detected clusters. The wider range of the azimuth angle of arrival corresponds to the distributions of reflection objects, i.e., displays and small desks near the wall. Cluster B2 is coming from the same directions as cluster B1, but also experiences ceiling or floor reflections, so that the delay times are longer than those of cluster B1. We can also distinguish these using the elevation angles. Cluster B3 has one strong component associated with several weak paths and they arose from specular diffractions from the edges of windows and displays. They have relatively strong power compared with the other higher-order reflected clusters.
Cluster C is composed of incoming signals from the direction of the transmitting antenna, but have longer delays. It seems to experience penetrations into and from the adjacent room. As there was some uncertainty in identifying these waves, they have not been described in the figures.
Cluster D includes several types of ray paths, i.e. reflection from the wooden door behind the transmitting antenna (cluster D1), ceiling or floor reflections (cluster D2), and wooden door/ceiling twice-reflected waves (cluster D3). As they have the same incident azimuth angles and closer delays, it is difficult to divide them into different clusters on the DoA-ToA map. However, they are distinct when elevation angles are taken into account. Clusters E1 and E2 consist of scattering from walls, glass, and the metal frames of the sliding door. As the reflection objects are spatially distributed, the range of incoming signals is also wider as can be seen in cluster B. Tables 2 and 3 list intra-cluster properties with respect to first-and second-order moments, i.e., mean and variance of angle and delay profiles within clusters. Ideally, spatial and temporal analysis should not be carried out individually since they are highly correlated. However, there are too few paths to derive the spatio-temporal probability density functions within the clusters. Therefore, in this paper, the angle and delay moments were evaluated separately.
The angular spread values of clusters B and E were larger, which confirmed the observation above that the clusters arose from a single large object or distributed small scattering objects. The mean path gain of the first-order reflection had a larger value than that from the higher-order reflection. Most of the angular spread within the clusters was less than 5 degrees and the delay spread was a maximum of 1.5 nanoseconds.
Discussion on Power Contained within Clusters and
Residual Components Table 4 lists the percentage of power occupied by each cluster. The direct wave contains 26.6% of the total received power and cluster B1 has a relatively stronger power than other clusters. We observed that each of the clusters that included higher-order reflections made little contribution to the total received power. The residual components after the extraction of 100 waves still carried 26.6% of the total power, which was almost the same as that for the direct wave. The first-order reflected waves contained 27.6% and the higher-order contained 16.4% of the total power. Note that the total of percentage in each cluster does not always reach 100% (in this case, 97.2%). This is because the deterministic and residual components are coherently added when computing the total power, while the total in terms of percentage does not take phase components into consideration. Figure 10 shows the spatio-temporal characteristics of residual components, which contain 26.6% of the total received power. There are still several unextracted deterministic components that can be observed on the map, associated with −100 dB floor levels of power. The floor level was difficult to treat with SAGE, so that we can regard them as diffuse components, i.e., the accumulation of weaker paths [12] . The noise level of the residual spectrum can be estimated from the power response where the delay times are shorter than that for the first arrival path. In this case, −140 dB was obtained. This leads to the observation that the residual spectrum still has a wide dynamic range of 40 dB and contains 26.6% of the total received power. If we further proceed to extract waves, the possibility of catching sidelobes increases. Even when we extracted 200 waves, 21.2% of the total received power still remained and this indicates the practical limits of SAGE when applying it to wave extraction.
The amount of residual power also depends on the signal models exploited by the direction finding methods. The more complicated the incident signal models, the larger the power extracted. We used a spherical incident wave model Minimum Average A2 (7) 8.5 1 5 .1 A3 (4) 15.7 1 7 .9 A4 (3) 11.6 1 3 .8 B2 (11) 11.0 1 8 .2 B3 (10) 6.0 1 4 .1 C (4) 17.0 1 8 .7 D3 (3) 10.5 1 4 .4 E2 (10) 11.8 1 7 .0 in our implementation, but this still seems inadequate for accurately predicting the real environment, even for specular reflection and diffraction. Therefore, one interpretation of diffuse scattering is a residual component that is due to the mismatch between the signal model and real phenomenon of wave propagation. It should be noted that these effects become more significant if the array is larger and the frequency band is wider. This implies a tradeoff between spatial resolution and residual power, because a larger array offers finer spatial resolution, whereas the residual components tend to increase at the same time.
Discussion on Scattering Loss
We finally derived the scattering loss for first-order and higher-order reflections as listed in Tables 5 and 6 . The values listed in the tables were derived by deconvolving the antenna gain and path loss from the measured results using of Friis' transmission formula and antenna directivities obtained prior to the experiment [11] . The frequencydependent effect of scattering loss, which was often observed (see Figs. 11 and 12) , was averaged over the bandwidth under observation in the power dimension. The minimum and averaged scattering loss of paths was derived for each cluster. The minimum values in first-order reflection indicate that they are smaller than those from higher-order reflection, while averaged values seem to be the same regardless of reflection order. Scattering objects and materials that gave minimum scattering loss for first-order reflections are shown in Table 5 . The dependence of scattering loss on frequency for several first-and second-order reflections is plotted in Figs. 11  and 12 . Each of the items represents paths that have minimum scattering loss within the clusters. We found that the scattering loss of first-order reflections was smaller than that from the second-order. Moreover, fluctuations of the scattering loss within the bandwidth tended to be small except for the highest and lowest frequency regions. This was due to the fact that it is impossible to estimate the spectrum with SAGE in these regions because sufficient bandwidth to resolve dense multipaths could not be ensured [11] . Therefore, it seems reasonable to assume that the frequency characteristics are smooth in the middle of the bandwidth, where scattering loss is around the averaged value as listed in Tables 5 and 6. This assumption led to a simple simulating process to generate scattering loss with reasonable accuracy. Many waves exhibited frequency dispersive effects as characteristics from cluster E2 in Fig. 12 , but we could not specify the exact reason for this. Possible reasons could be due to signal model error, limited spatio-temporal resolution, or incomplete antenna deconvolution.
Propagation Characteristics in Japanese Wooden Houses
The propagation mechanisms observed in the measurement campaign were mainly specular reflections from walls and the wooden floor, or specular diffraction from the window frame and metallic equipment. Therefore, we found that the dominant propagation phenomena in wooden Japanese houses were almost the same as those observed in Europian and American houses. The only difference due to the wooden structure may be larger scattering loss than other materials, as listed in Table 5 . Nevertheless, our measurement results can be utilized in terms of the reference environment of wooden houses.
Conclusion
This paper introduced the double directional concept to the measurement of UWB channels, enabling us to derive antenna-independent channel data in a wooden Japanese house. The data were useful for investigating the impact of UWB antennas and analyzing of waveform distortion. Having summarized UWB sounding schemes and issues with their implementation, we discussed investigations into LOS channels with respect to spatio-temporal cluster properties, scattering loss, and power content. First, extracted paths (100 waves) were classified into several clusters on a DoAToA map using the heuristic approach. We also considered DoDs and ray path identification. We found that fine resolution with UWB signals offered accurate identification of physical phenomena. To further improve estimation accuracy, we intend to introduce URA, a Uniform Circular Array (UCA), and a 3-dimensional array at both sides of the link. Intra-cluster properties were individually derived in the spatial and temporal domains, and the angular and delay spread within the clusters were estimated to an extent of 1.5 ns and 5 deg. In terms of power the clusters contained, the estimated deterministic components had 73% of the total received power, while the rest existed as diffuse components. In the subsequent discussion, we pointed out limitations with applying deterministic approaches to path extraction. The major constraint on these limitations was found to be the incoming signal models exploited in direction finding schemes, in our case, SAGE. The propagating power concentrated on shorter delayed paths for the deterministic components, for example, ceiling/floor reflections in our experiments. Scattering loss was consequently examined for each cluster, and they were −10 to −20 dB on average, regardless of reflection order. Finally, the dependence of scattering loss on frequency was analyzed. We concluded that frequency-independent approximation was reasonably accurate and simple to implement for simulations of channel reconstruction.
In future research, we intend to implement a raytracing method associated with the clusters and diffuse components (cf. Degli-Esposti et al. [16] ), aimed at reconstructing specific indoor channels, often necessary in system-level simulations.
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